Glass microstructured optical fibers have been rendered biologically active for the first time active via the immobilization of antibodies within the holes in the fiber cross-section. This has been done by introducing coating layers to the internal surfaces of soft glass fibers. The detection of proteins that bind to these antibodies has been demonstrated experimentally within this system via the use of fluorescence labeling. The approach combines the sensitivity resulting from the long interaction lengths of filled fibers with the selectivity provided by the use of antibodies.
INTRODUCTION
Microstructured optical fibers (MOFs) have the potential to provide improved performance relative to more traditional spectroscopic and fluorescence-based fibre sensors (see Refs [1] [2] [3] [4] [5] [6] ). The manipulation of the fiber cross-section can increase the fraction of the guided light available to interact with the environment to be sensed. The application of MOFbased sensors for the detection of biomolecules is of particular interest, and previous work includes the detection of antibodies in solution [1] , the detection of proteins in solution down to the 1 nM level [6] , and the detection of the thickness of DNA layers [7] . The first two examples rely on the use of fluorescently labeled biomolecules, with the fluorescence signal being collected using the guided mode of the fiber. The development of effective MOF biosensors requires: 1) a sensitive detection mechanism capable of measuring lowlevels of biomolecules and 2) a means of selectively identifying specific biomolecules of interest. The first requirement can be realized by taking advantage of the long interaction lengths offered by the interaction between a guided mode in a fiber and a material of interest. It has been possible to detect proteins at the 1 nM level using soft glass MOFs [6] , and further improvements should enable detection limits comparable to existing commercial technologies. The introduction of selectivity to a MOF-based sensor requires the functionalization of the otherwise inert fiber to allow its response to a biological species to be determined from an optical measurement. In principle, this can either be done during the fiber fabrication process or via post-processing of the fiber. For a MOF in which the holes are only accessible from the fiber ends (the vast majority of MOF-based fiber sensors investigated to date) this necessitates the development of techniques for depositing coatings on the internal surfaces of the holes within the fiber cross-section. When the holes within the MOF are externally accessible [7] , it should be possible to deposit localized coatings in the sensing regions. An advantage of using polymer MOFs is that the surface can be chemically modified to allow biomolecules to be attached directly [1, 8] . Although glass MOFs do not offer such direct functionalization, their potential benefits for biosensing are great, since they offer access to particular spectral regions such as the UV-Vis (via high purity silica glass), the mid-IR (via soft glasses such as tellurite, fluorides and chalcogenides). Glass MOFs have other advantages including the potential for higher damage thresholds and better cleaving and integration with conventional fiber technologies. This motivates the investigation of approaches for functionalizing glass-air boundaries within glass MOFs. Recently, the internal surfaces of silica MOFs have been coated with strands of DNA [9] . This approach uses Poly-Llysine to immobilize negatively charged molecules such as DNA to a solid support. Poly-L-lysine has positively charged amino-groups that can bind to the negatively charged silica surface through an ionic binding [10] . An alternate approach based on coating the internal surfaces of soft glass MOFs with nm-scale silane layers [11] . A similar process has been used to coat the core of a photonic bandgap fiber with a silane coating [12] . Here we demonstrate that it is possible to extend this technique to allow the immobilization of antibodies inside soft glass MOFs. This work is based on adapting the established procedure used for the immobilization of antibodies onto silica slides [13] to the internal holes within a MOF, and here we implement this procedure in non-silica glass fibers. We report the first experimental demonstration of the selective detection of immobilized proteins within a glass MOF. 
ANTIBODY IMMOBILIZATION ON GLASS SLIDES
To detect specific proteins, it is necessary to immobilize antibodies onto the glass surface that forms the fiber core in order to allow the selective binding of antigen to antibody to occur in a region where the overlap with the guided mode of the fiber is strong. In brief, the first step is to immobilize the antibody onto the core surface within a MOF. A solution containing a range of antigens that may be labeled with different dyes can then be introduced into the holes of the fiber by dipping the end of the fibre into the solution and allowing it to fill under capillary action. The antigens that match the immobilized antibodies will bind to them, and any unmatched antigen can be washed away. The immobilization processes follow the procedures described by Bhatia [16] for use in glass films. This process begins with the cleaning of the glass surface to remove debris and to create hydroxyl groups. The next step is the silanization of the internal surfaces (for more detail, see Ref. [14] ). The next stage is the formation of a cross-linking layer to connect the silane layer to the antibody. The procedures utilize thiol-terminal silanes and heterobifunctional crosslinkers with different reactive groups on each end. One end of the crosslinker is coupled to the silane film and another end forms an amide bond with terminal amino group on the antibody. The material we choose for silanization is 3-Mercaptopropyltrimethoxysilane [Sigma]. The organic crosslinking agent is N-γ-maleimidobutyryloxy succinimide ester (GMBS) [Merck] . Five proteins were chosen for our tests of selective detection, and they are listed below as required.
Demonstration of immobilization on glass slides
This immobilization process was first tested on glass slides made from 3 different glass materials: conventional glass slides, bulk F2 and LLF1 glass plates. F2 and LLF1 glasses are commercially available Schott glasses that can be used for the production of a broad range of microstructured fibers. To obtain a hydrophilic surface for silanization, the glasses are first cleaned with mixture of concentrated hydrochloric acid and methanol and then treated with concentrated sulphuric acid. After cleaning, the oxide surfaces of the glass slides exhibit a relatively low water contact angle (ie a more hydrophilic surface). After silanization, the contact angle of water with the glass slides is 52 o , in agreement with literature [16] . Similar results are obtained for the F2 and LLF1 slides. Immersion is used to attach the crosslinker and antibody layers. To reduce cost, a single (30 µl) drop of antibody solution was placed on the glass surface. A Typhoon imager was used to detect the fluorescence of the quantum dots used to label the antibodies to determine if the antibodies were attached to the glasses (Fig. 1) . The excitation wavelength is 532 nm, and the concentration of all the antibodies used in all processes here is 100 nM within a 30 µl volume. Fig. 1 demonstrates that the antibody has been attached to the glass surfaces, and the contrast of the fluorescence signal between the droplet and background regions is clear. The signal from the conventional slide is stronger than the other glasses, indicating a higher attachment efficiency. The imager is equipped with lasers at 488, 532 and 630 nm, and has filters to block the excitation light and improve the image contrast. The maximum wavelength filter is 670nm (30 nm bandwidth), shorter than the emission wavelength 800 nm of the Qdots we are using for antibody labeling [6] . To further test the immobilization process, an alternate antibody labeled with an emission wavelength located at 705 nm (Qdot705) was used. Comparing images of the glass slide with immobilized antibody labeled with Qdot705 to those of the F2 and LLF1 glasses with Qdot800 labeled antibody and using the 670nm filter, we confirmed that the images are produced by light from the Qdot-labeled antibodies.
Quantification of the immobilization efficiency of the antibody in different glasses
To determine the quantity of immobilized antibody, the image of the same volume (30 µl) of the antibody on the glasses has been taken as a reference. Image analysis software (IMAGEQUANT SOLUTIONS) has been used for signal quantification. The image of 100 nM 30 µl Qdot800 goat F(ab')2 anti-mouse IgG conjungate on the glass slide is shown in Fig. 2 . The total fluorescence of the image is obtained by integrating the signal corresponding to the object and subtracting the background. Table 1 summarizes the ratios of the total fluorescence of the images shown in Fig. 1 relative to standard 100 nM 30 µl antibody drop (Qdot800 goat F(ab')2 anti-mouse IgG conjungate). Based on the concentration of the drop and the image area, the density of the immobilized antibody can be extracted. The relative immobilization efficiency is: Conventional slide > LLF1 glass > F2 glass, consistent with Section 2.2. 
Quantification of the binding efficiency of the antibody to the antigen
Three binding experiments were performed. The first was to bind Qdot800 goat F(ab')2 anti-mouse IgG conjungate (antibody) to mouse anti-human Qdot705 conjungate (antigen). The substrate is F2 glass. The image of this sample without any filter used is shown in Fig. 3(a) . The antigen was immobilized on the glass, followed by the antibody with its drop partly overlapping the immobilized antigen. The overlapping area shows strong fluorescence intensity compared to areas with a single antibody or antigen layer, indicating efficient binding between antibody and antigen. For the second binding experiment, 30 µl 100 nM unlabeled antigen (Purified mouse IgG) was immobilized on the glass slide. Then the labeled antibody (Qdot800 goat F(ab')2 anti-mouse IgG conjungate) is bound to the unlabeled antigen. The image of the sample is shown in Fig. 3(b) . The bound antibody density is 0.40 fM/mm 2 based on its fluorescence intensity relative to the standard in Fig. 2 . For the third experiment, we reversed the sequence of the antibody and antigen. The unlabeled antibody (Goat anti-Fab2 anti-Mouse IgG (H+L)) was first immobilized into the treated LLF1 glass. A large volume (>130 µl) was used to allow immobilization to occur across the whole surface. A high concentration (330 nM) was used to increase the density of the immobilized antibody (and of the bound antigen). Indeed, a thick antibody layer was observed after immobilization (with a 100 nM antibody solution, the layer is not evident to the eye). Following a rinse using the buffer solution, a portion of the layer washed away, indicating weak attachment between the thick layer and the crosslinked film. Using a 30 µl 100 nM antigen solution (mouse anti-human Qdot705 conjungate), the image of the bound antigen is shown in Fig. 3(d) . Fig. 3(c) shows the image of the antigen solution drop with the same concentration/volume as that used in 3(d). The inferred density of the bound antigen is 2.49 fM/mm 2 , close to literature values [16] . As expected, a higher binding density results from a higher density of immobilized antibody.
APPLICATION TO FIBERS FOR BIOSENSING
For this experimental work F2 MOFs were used. The fiber geometry has a 1.3 µm core suspended in air by 3 long fine struts within a robust jacket. Soft glass fibers were chosen because they allow the use of perform extrusion, which allows the production of design such as this one with large holes and small cores compared with silica MOFs. For immobilization within MOF, we omitted the cleaning step, since the internal surfaces of the microstructured fibres are fire-polished during fabrication and are unlikely to be contaminated. For the process steps from silanization to immobilization, a pump was used to fill and empty the fibers with the required liquids. The time for filling is 2 hours and for emptying is 1 hour using our pumping system. The protein used for immobilization on the fibre core is 100 nM Qdot800 goat F(ab')2 anti-mouse IgG conjungate. The measured fluorescence signal from the F2 MOF with immobilized antibodies is shown in Fig. 4 (Left) . This strong fluorescence indicates that antibodies have attached to the core surface. Fig. 4 (Right) shows the fluorescence signal of another F2 MOF from the same fiber draw as that used in Fig. 4 (Left) but instead filled with a 100 nM antibody solution. Both fibers have the same core size and length (20 cm) and the same experimental conditions were used. The F2 MOF with antibody in solution within the holes clearly exhibits a much higher signal than that immobilized with the same concentration of the antibody. This is not surprising, since for these fibers the fraction of the guided mode that interacts with this highly localized sensing region is relatively limited. 
CONCLUSION
We have detection immobilized proteins within a glass microstructured optical fiber for the first time. This paves the way to sensitive and selective biosensors. This approach lends itself to the measurement of multiple biomolecules via the immobilization of multiple antibodies. The next steps are to characterize and improve the sensitivity by systematically optimizing the fiber design for enhanced fluorescence capture [14] , by reducing the fiber loss and by optimizing the coating procedures. Note that when a glass-air interface within a fiber cross-section is located at a point of high intensity within a guided mode, a localized region of high intensity is created on the low-index side, and this effect is particularly striking in high index glasses. Such localized regions can be used to enhance the efficiency of excitation and capture of fluorescent photons for sensing [14] . In addition, the existence of such layers offers opportunities for enhancing the detection of materials located within these layers, such as materials deposited on the surface of a MOF core.
